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a b s t r a c t
Empathic arousal is theﬁrst ontogenetic buildingblockof empathy to appear during infancy
and early childhood. As development progresses, empathic arousal becomes associated
with an increasing ability to differentiate between self and other, which is a critical aspect
of mature empathetic ability (Decety and Jackson, 2004). This allows for better regulation
of contagious distress and understanding others mental states. In the current study, we
recorded electroencephalographic event-related potentials andmu suppression induced by
short visual animations that depicted painful situations in 57 typically developing children
aged between 3 and 9 years as well as 15 young adults. Results indicate that the difference
wave of an early automatic component (N200), indexing empathic arousal, showed an age-
related decrease in amplitude. In contrast, the difference wave of late-positive potentials
(LPP), associated with cognitive appraisal, showed an age-related gain. Only early LPP was
detected in children,whereas both early and late LPPwere observed in adults. Furthermore,
as compared with adults, children showed stronger mu suppression when viewing both
painful and non-painful stimuli. These ﬁndings provide neurophysiological support for the
development of empathy during childhood, as indicated by a gradual decrease in emotional
arousal and an increase in cognitive appraisal with age.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
Y-NC-NB
1. Introduction
Empathy, the affective response that stems from
the apprehension or comprehension of another’s emo-
tional state or condition, allows for the understanding
of what another person is feeling or would be expected
to feel (Eisenberg and Eggum, 2009; Zahn-Waxler and
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Radke-Yarrow, 1990). The experience of empathy is a pow-
erful interpersonal phenomenon necessary in everyday
social interaction. It facilitates parental care of offspring
and enables us to live in groups, cooperate, and socialize. It
paves the way for the development of moral reasoning and
motivates prosocial behavior (Decety and Cowell, 2014).
Children’s capacities to respond emotionally to the joys
and sorrows of others and to express empathic concern are
present during the ﬁrst year of life (Davidov et al., 2013).
Empathic arousal (or affective sharing) is the ﬁrst ele-
ment of empathy to appear during ontogeny with deep
evolutionary roots (Decety, 2010a,b, 2013; Decety and
Svetlova, 2012). For example, neonates contagiously cry
in response to the distress of conspeciﬁcs that are in
their proximity (Martin and Clark, 1982). This reaction is
ss article under the CC BY-NC-ND license (http://creativecommons.org/
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eightened speciﬁcally in response to hearing the cry of
nother as opposed to the child hearing his own crying
Dondi et al., 1999). Such affective response to another’s
istress is postulated to be one of the earliest forms of
mpathy (Geanguet al., 2010),which is also shared inmany
on-human animal species (Ben-Ami Bartal et al., 2011;
hurch, 1959; Langford et al., 2010).
Later in development, this initial empathic arousal
ecomes associated with growing differentiation between
elf and other, allowing for reactions that are more attuned
o another’s state than one’s own (Bischof-Köehler, 1991;
eangu et al., 2011; Nichols et al., 2009).With the develop-
ent of top-down regulatory capacities during childhood
hat are associated with executive function, emotion reg-
lation, and language, the modulation of empathic arousal
ccurs, leading to more adaptive responses (Decety and
ichalska, 2010). In childhood, these arousal-based reac-
ions also become the foundation for outward prosocial
ehaviors, such as helping, altruistic behavior, and com-
assionate behavior (Decety and Meyer, 2008; Decety
nd Svetlova, 2012; Li et al., 2013). Empathetic responses
ontinue to increase throughout infancy, with the ear-
iest forms appearing anywhere from 8- to 16-months
nd continuing to develop into the second year (Roth-
anania et al., 2011). By 18- to 36-months, empathic
rousal becomes more speciﬁc, as children show more
ifferential emotional and personal distress in response
o another’s sadness than another’s pain (Bandstra et al.,
011). Importantly, individual differences in the tendency
o experience empathic concern versus personal distress
ary as a function of dispositional differences in the abil-
ty to regulate emotions (Eisenberg et al., 1996). Moreover,
lder children are more likely to show empathic concern
han personal distress toward another in pain (Bandstra
t al., 2011; Zahn-Waxler et al., 1992;Williams et al., 2014).
While the development of empathy has been explored
or decades in behavioral studies, due to methodologi-
al constraints, few functional neuroimaging experiments
ave been conducted with very young children. One study
sed functional near-infrared spectroscopy to measure
emodynamic responses while stories eliciting affective
nd cognitive empathy were presented to children aged
–8 years (Brink et al., 2011). Increased signal with
ge was detected over the medial orbitofrontal cortex
nd dorsolateral prefrontal cortex in older children. A
ross-sectional functional MRI (fMRI) study measured the
euro-hemodynamic activity in response to empathy-
liciting stimuli while participants, ranging from 7 to
0 years of age, viewed visual scenarios depicting peo-
le being accidentally or intentionally hurt by another
ndividual (Decety and Michalska, 2010). Subjective rat-
ngs of the stimuli indicated a gradual decrease of pain
ensitivity as participants’ age increased, with younger
articipants rating the scenarios as signiﬁcantly more
ainful. Interestingly, the younger the participants, the
ore strongly the amygdala, insula, and ventromedial pre-
rontal cortex were activated when viewing the stimuli. A
egative correlation between age and the degree of neuro-
emodynamic response was found in posterior insula,
hereas a positive correlation was detected in the anterior
nsula. Another fMRI studywith 4–37 year-old participantsNeuroscience 10 (2014) 160–169 161
reported stronger empathic sadness in young subjects,
and this was associated with enhanced neural activity in
the amygdala and insula when viewing intentional harm
(Decety et al., 2012a,b). An age-related increase in func-
tional connectivity between the ventromedial prefrontal
cortex and the amygdala was also found. This convergent
pattern of results indicates a developmental change from
a visceral emotional resonance to a more evaluative cogni-
tive understanding of the emotional situations presented
to the participants.
However, it is important to note that activation of the
neural regions involved in the ﬁrst-hand experience of
pain such as the anterior cingulate cortex and insula (often
called the pain matrix) when perceiving or even imagining
another person in pain or emotional distress (Lamm et al.,
2011 for ameta-analysis) is not speciﬁc to the sensoryqual-
ities of pain. Rather, this pattern of response is associated
with more general survival mechanisms such as aver-
sion and withdrawal when exposed to danger and threat,
and triggers protecting and defensive behaviors (Decety,
2010a,b, 2011a). Furthermore, the neural overlap between
the ﬁrst-hand experience of pain and its perception sup-
ports neural reuse theories which posit as a fundamental
principle of brain evolution that neural circuits continue to
acquire newuse after an initial or original function is estab-
lished (Decety and Jackson, 2004; Anderson, 2010; Decety
et al., 2012a,b; Eisenberger, 2011; Tucker et al., 2005).
To our knowledge, no study has used electroen-
cephalographic event-related brain potentials (EEG/ERP)
to examine age-related changes in response to the per-
ception of another’s distress or pain from early to middle
childhood. Previous studies with adults viewing someone
being injured have documented the elicitation of speciﬁc
ERP components, including an early automatic component
(EAC, N200) and late positive potential (LPP) (Chen et al.,
2012; Cheng et al., 2012; Escobar et al., 2014; Ibanez et al.,
2011; Fan et al., 2014; Perry et al., 2010). The EAC within
a time window of 200–300ms is generally found to be
dependent on the contextual reality of stimuli whereas
the LPP within 500–700ms was modulated by attention
to pain cues (Fan and Han, 2008; Han et al., 2008). The
EAC is often interpreted to reﬂect information processing
associated with valence, whereas the LPP seems modu-
lated by cognitive appraisal (Li and Han, 2010). One recent
study reported that adolescents relative to young adults
exhibited an earlier EAC to other’s pain and greater LPP
to neutral stimuli, indicating the development of empathy
during adolescence (Mella et al., 2012). Moreover, conver-
gent electrophysiological evidence supports that the LPP
response relates to cognitive appraisal in typically devel-
oping children (Batty and Taylor, 2006; Cordon et al., 2009;
Dawson et al., 2004; Dennis andHajcak, 2009; Dennis et al.,
2009; Hajcak andDennis, 2009; Hajcak et al., 2010; Kujawa
et al., 2012a,b; Wessing et al., 2011). In one study, the
early LPPwasmodulatedbyboth intrinsic (i.e., the stimulus
type) and extrinsic (i.e., the re-appraisal description type)
manipulations of the emotional signiﬁcance of the stimuli,
whereas the late LPP only reﬂected extrinsic emotion reg-
ulation (Macnamara et al., 2009). Furthermore, the linear
decline with age of LPP in response to negative stimuli
(Kisley et al., 2007) suggests that the LPP increase seems
gnitive162 Y. Cheng et al. / Developmental Co
to be a valid index to examine the maturation of cognitive
appraisal in childhood (Hajcak and Dennis, 2009; Hajcak
et al., 2010).
In addition,mu (8–13Hz band) suppression, considered
to represent sensorimotor resonance (Fanet al., 2010;Perry
andBentin, 2010;Perryet al., 2010), couldbean indexof the
early component of empathic arousal. In adult participants,
the perception of others in painful relative to non-painful
situations is associated with the increased suppression of
mu oscillations (Chen et al., 2012; Cheng et al., 2012; Fan
et al., 2014; Yang et al., 2009). EEG mu suppression elicited
byempathyhasbeen reported inadult participants (Gutsell
and Inzlicht, 2010). However, whether mu suppression
associated with empathy exhibits developmental changes
during childhood remains to be determined.
To investigate the developmental trajectories of
empathic response to the pain of others during from early
to middle childhood, we modiﬁed an EEG/ERP paradigm
commonly used with adults for children aged between 3
and9years old. Based onprior behavioral knowledge about
the development of empathy (Decety, 2010a,b; Decety and
Svetlova, 2012), it was hypothesized that self-oriented
affective arousal when witnessing another individual in
physical pain would be associated with a greater EAC
response, as indexed by a more negative deﬂection in
the waveform 200–300ms post-stimulus for Pain vs. No-
pain pictures, in very young children compared to older
children. As children’s self-regulation, self-awareness, and
perspective-taking abilities become more mature, we
anticipated an increase in the LPP response. Moreover, mu
suppression indexing sensorimotor resonance (or atten-
tion)was expected to be stronger in children than in adults.
2. Materials and methods
2.1. Participants
Seventy-nine typically developing children, 2–9 years
old, and ﬁfteen healthy adults, 23–25 years old, partici-
pated in this study. Due to insufﬁcient artifact-free trials
(<20), data from 22 children (three 2-year-olds, ﬁve 3-
year-olds, nine 4-year-olds, three 6-year-olds and two
8-year-olds) were excluded from further analyses (i.e.,
three fell asleep, four dropped out before behavioral data
were collected, and ﬁfteen others failed to concentrate on
experimental procedures). The ﬁnal sample consisted of
57 children (24 girls) and 15 adults (12 females, mean
age 22.8±0.8 years). The children were divided into three
age groups: 18 4- to 5-year-olds (61.2±6.8 months), 18
6- to 7-year-olds (85.7±7.0 months), and 18 8- to 9-year-
olds (108.6±6.6 months). Due to small sample size, the
three 3-year-olds were only included in the correlation
analyses. All participants provided assent and their par-
ents gave informed written consent for the study, which
was approved by the local Ethics Committee (Yang-Ming
University Hospital).2.2. Stimulus materials
There were a total of 70 dynamic visual stimuli that
have been used with adults and children in previous fMRINeuroscience 10 (2014) 160–169
(Akitsuki and Decety, 2009; Decety and Michalska, 2010;
Fan et al., 2014) and EEG/ERP studies (Chen et al., 2012;
Cheng et al., 2008, 2012; Fan et al., 2014). Half of the stimuli
depicted an individual’s limb in painful situations (Pain)
and the other half depicted matched non-painful situa-
tions (No-pain). Each series of animated stimuli consisted
of three consecutive pictures, edited to the same size
(512×384 pixels) and presented in a successive man-
ner to imply motion. The durations of presentation of the
ﬁrst, second, and third pictures were 1000ms, 50ms, and
1000ms respectively.
2.3. Procedure
Before EEG recordings, the parents of each child ﬁlled
out the Chinese version of Vineland Adaptive Behavior
Scales (Wuet al., 2004). TheVABS assesses adaptive perfor-
mance for children aged 3- to 12-years-old in the domains
of communication, daily living skills, socialization, and
motor skills. Speciﬁcally, the socialization domain pro-
vides a broad estimate of a child’s social development
with good test-retest (r=0.86) and inter-rater reliability
(r=0.81), including the items assessing interpersonal rela-
tionships, play and leisure time and coping skills. Each item
was rated on a 3-point scale, with a higher score indi-
cating increased adaptive performance. The raw scores of
each domain can be standardized to allow for comparisons
across wide age ranges. According to the standard scores,
there are ﬁve adaptive levels: low (<69), moderately low
(70–84), moderate (85–115), moderately high (116–130)
and high (>131).
During theEEG recordings, childrenwere seated in front
of a 17-in. color monitor at a distance of approximately
75 cm. The stimuli were presented in the center of a gray
background on the monitor with visual angles of 12◦ hor-
izontally. After a brief description of the experiment, EEG
sensors were attached. The experiment contained 8 blocks
(20 trials each). The participants were allowed to take a
break between the blocks for as long as they needed. Fig. 1
demonstrates the stimulus event of a single trial. Each trial
started with a ﬁxation mark at the center of the screen for
a jittered duration between 500ms and 1500ms. After the
ﬁxation marker, the dynamic animations were presented
for 2050ms, followed by a blank screen for 200ms. The
order of the stimulus condition was randomized within
each block. Participants were asked to attend to the screen
whenever visual stimuli were presented. Eye tracking was
simultaneously recorded with EEG in order to monitor
whether participants were paying attention to the stimuli.
2.4. Apparatus and recordings
Eye tracking data were recorded with a Tobii X120 Eye
Tracker. EEG signals were continuously recorded from the
scalp using the NuAmps (NuAmp, Neuroscan, Inc.). F3, Fz,
F4, C3, Cz, C4, P3, Pz, and P4 were selected from the 32-
channel cap for signal recording. Scalp impedance for each
sensor was kept below 5 k. Signal was recorded at a rate
of 512Hz, with the linked bilateral mastoids as the refer-
ence. A ground electrode was placed on the forehead. Eye
blinks and vertical eye movements were monitored with
Y. Cheng et al. / Developmental Cognitive Neuroscience 10 (2014) 160–169 163
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aFig. 1. Paradigm structure and exa
lectrodes located approximately 1 cm above and below
he left eye. Horizontal eye movement was recorded from
lectrodes placed approximately 1 cm lateral to the left and
ight external canthi. Furthermore, careful visual inspec-
ion in every trial and application of appropriate digital
ow-pass ﬁlters at 100Hz ensured that muscle artifacts
id not signiﬁcantly contaminate even the most lateral
lectrodes. After visual inspection, trials that contained
on-ocular artifacts were excluded from averaging. The
lgorithmdesigned to reduceocular artifactswas thenused
or eye blinking correction. On average, each child had 106
alid trials (54 pain-trials; range: 44–67 trials) and each
dult had 149 valid trials (74 pain-trials; range: 69–80 tri-
ls).
The paradigm was run with E-Prime (Psychology Soft-
are Tools, USA), in which every (visual) event was
ssociated with a digital code (trigger) that was sent to the
ontinuous EEG, allowing off-line segmentation and aver-
ging of selected EEG periods for analysis by Neuroscan 4.4
Compumedics Ltd., Australia). The EEG datawere epoched
ver an analysis time of 2300ms, including a pre-stimulus
50ms for the baseline correction. An IIR ﬁlter of 0.1–30Hz
as applied before epoching. An automated artifact rejec-
ion system excluded any trials that contained transients
xceeding ±100V at any recording electrodes, including
he electro-oculogram. Abnormal data that did not meet
he transiency criterion (e.g., abnormal slopes, low activity,
tc.) was excluded from further visual inspection.
.5. Statistical analyses
The ERP components were chosen according to visual
nspection of the grand-averaged data as well as prior
nowledge. For the ERP time-locked to the presentation of
he ﬁrst picture, EAC was selected within a time window of
00ms (200–300ms) based on previous ERP studies using
imilar stimuli (Chen et al., 2012; Cheng et al., 2012). For
he ERP time-locked to the third picture, according to pre-
ious child studies (Dennis and Hajcak, 2009; Hajcak et al.,
009), early and late LPPwasdeﬁnedwithin a timewindow
f 250-ms centered at the peak latency of the difference
ave (500–700ms). The difference wave was obtained by
ubtracting the No-pain from the Pain condition. Statistical
nalysis, using four-way mixed ANOVA with two between-
ubject factors: (1) age group (4–5 year vs. 6–7 years vs.
–9 years vs. adults) and (2) gender (boys vs. girls); and
wo within-subject factors: (1) stimulus (Pain vs. No-pain)
nd (2) electrode (Fz, Cz, Pz)was computed. The dependentf visual stimuli used in the study.
variable was the mean amplitudes of the EAC, early and
late LPP. Degrees of freedom were corrected using the
Greenhouse–Geisser method. Tukey’s test was conducted
only when preceded by signiﬁcant effects. Finally, correla-
tion analyses were calculated to test to what extent the
difference waves (Pain vs. No-pain) of the EAC and LPP
co-vary with age.
2.6. EEG mu power spectrum analysis
To assess sensorimotor resonance for pain empathy, the
power of mu rhythm was computed from the adjacent
frequencies (±2Hz) of the individualized largest power
around 6–10Hz for children and 8–12Hz for adults and
from the mean of electrodes C3, Cz, and C4 despite data
being obtained from all electrodes (Berchicci et al., 2011;
Yang et al., 2009). Thepower spectrumdensitieswere com-
putedwith a fast Fourier transform(FFT) and thenaveraged
epochs for the third picture. Reﬂection (i.e., symmetrical
extension) extended the data in the pre-stimulus baseline
(250ms) to match the data set in the Pain and No-pain
conditions (1000ms). This approach eliminates the dis-
continuity by tacking on the end points in reverse order
(Semmlow, 2004). Segments with equal data length were
calculated for comparisons among conditions. Hamming
window was applied to smooth the truncation for reduc-
ing the ripple effect. The ratio of the power density during
each condition (Pain vs.No-pain) relative to thepowerden-
sity during the pre-stimulus baseline was used to control
variability in absolute mu power resulting from individual
differences, e.g., scalp thickness and electrode impedance,
as opposed to pain empathy-related activity. The log trans-
formation (the logarithm to the base e) was calculated
for each ratio to correct for the inherent non-normality of
ratio data as a result of lower bounding. Statistical analysis,
using two-way mixed ANOVA with one between-subject
factor: age group (4–5 years vs. 6–7 years vs. 8–9 years
vs. adults) and one within-subject factor: stimulus (Pain
vs. No-pain), was computed with the dependent variable
as the log transformed mu power ratio in response to the
stimuli. Bonferroni tests were conducted only when pre-
ceded by signiﬁcant effects.
3. Results3.1. Behavioral performance
The participants’ demographics and VABS scores are
listed in Table 1. Standard score of the socialization domain
164 Y. Cheng et al. / Developmental Cognitive Neuroscience 10 (2014) 160–169
Table 1
Demographics of study children participants.
Age groups 4–5 years-old
(N=18)
6–7 years-old
(N=18)
8–9 years-old
(N=18)
Age (months) 61.2±6.8 85.7±7.0 108.6±6.6
Gender (M/F) 11/7 9/9 11/7
VABS 4–5 years-old
(N=18)
6–7 years-old
(N=18)
8–9 years-old
(N=18)
M± SD Range M± SD Range M± SD Range
IR 27.4 ± 5.4 21–31 27.2 ± 6.0 14–33 29.0 ± 2.6 25–34
PT 26.0 ± 6.6 15–36 30.2 ± 5.6 20–36 31.7 ± 3.8 26–36
CS 14.9 ± 4.5 9–24 20.8 ± 6.8 9–35 24.8 ± 4.7 18–33
SL 66.3 ± 11.4 46–91 78.4 ± 13.4 44–104 85.4 ± 8.5 70–103
relationAbbreviations: VABS, Vineland Adaptive Behavior Scale; IR, interpersonal
for all subjectswerewithinmoderate level, above the lower
limit of normal ranges (70, 2 SD below the mean of the
norms of their age level), indicating that all participants
were typical in socialization.
3.2. Electrophysiological data
The grand-averaged waveforms of ERPs evoked by Pain
vs. No-pain across age groups are illustrated in Fig. 2.
For EAC, a four-way mixed ANOVA with the stimulus
(Pain vs. No-pain) and region (Fz, Cz, Pz) as within-subject
variablesand theagegroup (4–5year-oldsvs. 6–7year-olds
vs. 8–9 year-olds vs. adults) and gender (boys vs. girls) as
between-subject variables showed signiﬁcant main effects
of the stimulus [F(1, 61) =8.12, p=0.006, 2 = 0.12] and age
group [F(3, 61) =7.34, p<0.001, 2 = 0.27]. The interaction
for age group× electrode was signiﬁcant [F(6, 122) =4.36,
p=0.004, 2 = 0.18], but the stimulus× age group, stimu-
lus× electrode and stimulus× age group× electrode were
not (p>0.1). The Pain relative to No-pain condition
elicited a more positive-going EAC response. Gender and
gender-related interactions were not signiﬁcant (p>0.1).
The follow-up analyses indicated that children displayed
greater amplitudes than adults at electrode Pz (p=0.009),
but not at Fz and Cz (p=0.12; p=0.17).
For early LPP, the main effect of stimulus reached
signiﬁcance [F(1, 61) =17.87, p<0.001, 2 = 0.23], but
the age group did not [F(3, 61) <1.00, p>0.1]. There
were signiﬁcant interactions for age group× electrode
[F(6, 122) =4.61, p=0.002, 2 = 0.19] and stimu-
lus× electrode [F(2, 122) =5.87, p=0.005, 2 = 0.09], and a
marginal interaction for stimulus× age group× electrode
[F(6, 122) =2.02, p=0.078, 2 = 0.09], but none for the
stimulus× age group and stimulus× age group× electrode
(p>0.1). Gender and gender-related interactions were not
signiﬁcant (p>0.1). The follow-up analyses showed that
children exhibited larger amplitudes than adults did at
Fz and Cz (p=0.032; p=0.018), but not at Pz (p=0.25).
The Pain vs. No-pain differentiation was found at Cz and
Pz (p=0.031; p=0.019), but none at Fz (p=0.19). The
effect size for the stimulus× age group at Pz tended to
be medium (2 = 0.054), whereas those at Fz and Cz were
small (0.009; 0.025).ship; PL, play and leisure time; CS, coping skills; SL, socialization.
For late LPP, the stimulus [F(1, 61) <1.00, p>0.1]
and age group [F(3, 61) <1.00, p>0.1] did not reach
signiﬁcance. The interaction of age group× electrode
was signiﬁcant [F(6, 122) =2.79, p=0.031, 2 = 0.12], but
the stimulus× electrode, age group× stimulus, and age
group× stimulus× electrode were not signiﬁcant (p>0.1).
Gender and gender-related interactions were not signiﬁ-
cant (p>0.1). Children differed from adults at electrode Pz
(p=0.035), but not at Fz and Cz (p=0.19; p=0.33).
3.3. Correlations with age
In 3- to 9-year-old children, the difference wave of
EAC (Pain vs. No-pain) was negatively correlated with
age [Fz: r(57) =−0.35, p=0.009; Cz: r(57) =0.34, p=0.012;
C3: r(57) =−0.42, p=0.001; C4: r(57) =−0.33, p=0.013]
(Fig. 3a). When children and adult participants were
included, the relationship between the EAC difference
and age became linear [Cz: r(72) =−0.29, p=0.028] and
quadratic [F(2, 69) =3.72, p=0.02] (Supplementary Fig. s1).
In 3- to 9-year-old children, the difference wave of early
LPP (Pain vs. No-pain) was positively correlated with
age [Pz: r(57) =0.29, p=0.029] (Fig. 3b). When children
and adult participants were combined, the relationship
between the early LPP difference and age became lin-
ear [F(1, 70) =3.69, p=0.046] and quadratic [F(2, 69) =4.01,
p=0.021] (Supplementary Fig. s2). Neither EAC nor LPP had
a quadratic relationship during childhood. Furthermore,
to examine the robustness of the age effects, the number
of trials dropped was modeled as a nuisance regres-
sor and all the above correlations remained signiﬁcant
[EAC/C3: r(57) =−0.39, p=0.002; EAC/Cz: r(57) =−0.31,
p=0.019; EAC/C4: r(57) =−0.30, p=0.023]; early LPP/Pz:
r(57) =0.26, p=0.05]. Hence, as age increased, EAC differ-
encesdiminishedandLPPdifferences increased in response
to perceiving the Pain relative to the No-pain condition.
3.4. Mu suppression indicative of sensorimotor
resonance or attentionThe sensorimotor resonance for pain empathy in each
age group (4–5 years vs. 6 –7 years vs. 8–9 years vs. adults)
is illustrated in Fig. 4. The age group had a main effect
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Fig. 2. Grand-averaged ERPs (EAC vs. early LPP vs. late LPP) in response to perceiving individuals in painful and non-painful situations (Pain, red vs. No-pain,
blue) at electrode sites Fz, Cz, and Pz across age groups. For the sake of clarity, different scales are used for the ERP waves in children and adults (*, p<0.05).
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che ERP components that showed signiﬁcant stimulus effects are highli
raphs present the averaged amplitudes across electrodes that were sta
egend, the reader is referred to the web version of this article.)
F(3, 65) =8.46, p<0.001], indicating that children showed
tronger mu suppression than adults did [familywise error
ate (FWER) <0.05]. In spite of no signiﬁcant interac-
ion [F(3, 65) =1.47, p>0.05], the age group× stimulus had
medium to large effect size (2 = 0.64). When three
ge groups of children participants were combined for
irect comparison between children and adults, the age
ig. 3. Correlations between the ERP difference wave (Pain vs. No-pain) and age
LPP). Open dots on the right side of the plot represent the data from adults’ mean
orrespond to 95% conﬁdence intervals.different colors (EAC, green; early LPP, gray; late LPP, orange). The bar
y signiﬁcant. (For interpretation of the references to color in this ﬁgure
[F(1, 31) =47.81, p<0.001] and the stimulus [F(1, 31) =8.70,
p=0.006] had main effects in addition to the interaction
of age× stimulus [F(1, 31) =7.67, p=0.009] (Supplemen-
tary Fig. s3). The post hoc test, using Bonferroni correction,
revealed that the stimulus effect (Pain vs. No-pain) mainly
came from the adult group (FWER<0.05), not from the
child group (p>0.1).
. (a) Early automatic component (EAC). (b) Early late positive potential
amplitudes of ERP difference wave, and lines above and below the dots
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ssion inFig. 4. Mu suppre
4. Discussion
While a large body of developmental work has explored
how infants and children respond to the distress of another
person (Bandstra et al., 2011; Knafo et al., 2008; Roth-
Hanania et al., 2011; Zahn-Waxler and Radke-Yarrow,
1990), relatively few studies have examined the neu-
ral underpinnings of these reactions as children develop,
and none has included very young children as early as 3
years of age. Such studies are important to advance our
understanding not only of typical development but also
neurodevelopmental disorders associated with socioemo-
tional deﬁcits.
Using EEG/ERP, this study documents neuro-
physiological markers of the development of empathy in
typically developing children between the ages of 3–9
years. Results indicate that, as children age, the difference
in the EAC amplitudes between Pain and No-pain, as an
index of affective arousal or affective sharing, decreased. In
an opposite pattern, the difference wave of LPP, reﬂecting
cognitive appraisal, increased with age. Interestingly,
as compared to previous EEG/ERP studies with adults
(Chen et al., 2012; Cheng et al., 2012), the stimuli induced
stronger mu suppression in children with no differen-
tiation between painful and non-painful stimuli. These
ﬁndings provide neurophysiological evidence, as indi-
cated by a decrease of affective arousal but an increase
of cognitive appraisal, for the developmental course of
empathy in childhood. They also support a shift from
affective arousal to more empathic understanding, which
has been theorized on the basis of behavioral observations
(Eisenberg et al., 1996; Zahn-Waxler and Radke-Yarrow,
1990). Based on an ontogenetic framework, empathy
begins with a primitive affective resonance mechanism
and gradually matures into other-oriented responses
(Decety and Michalska, 2010; Eisenberg and Eggum,
2009). Children who display more mature mental abilities
and executive control tend to be relatively more empa-
thetic, and are more likely to engage in prosocial behaviors
(Bischof-Köehler, 1991; Li et al., 2013; Nichols et al., 2009).
Infants in their ﬁrst year begin to show signs of concerneach age group.
for others when they are in distress and are already
responding in socially appropriate ways when viewing
others in distress or pain (Zahn-Waxler et al., 1992). This
basic emotional motivation requires not only an affective
reaction elicited by someone else’s emotional state, but
also a basic attribution of mental states. These early signs
of empathy require only minimal mindreading and per-
spective taking capacities. Rather, they merely necessitate
the capacity for emotional contagion and the capacity to
attribute distress to another (Davidov et al., 2013). Not
only do very young children make pain attributions, but
also studies on comforting behavior demonstrate that they
also respond to a variety of distress cues, and they direct
their comforting behavior in ways that are appropriate to
the target’s distress. For example, in experimental studies
of one-year olds, crying also elicited comforting behaviors,
as did coughing and gagging (Roth-Hanania et al., 2011).
Furthermore, in these studies, the children often comfort
the target in appropriate ways and actually make pain
attribution in conjunction with their comforting behavior
and recognize what the target is distressed about.
Consistent with previous ﬁndings from adults (Chen
et al., 2012), the stimulus effectwas seen for the EAC in chil-
dren, as indicated by more positive deﬂections in response
to the Pain than No-pain at a time window of 200–300ms.
Speciﬁcally, this component had the peak latency around
200–300ms in 4–5 year-olds, which was obscured in 6–7
and 8–9 year-olds. The age-related decrease of the EAC
difference wave reﬂects that aversive responses at the
sight of an imminent harm to others declines with age.
Behavioral studies point out an age-related decline of emo-
tional distress in response to others’ distress in childhood
(Bandstra et al., 2011; Eisenberg et al., 1996; Knafo et al.,
2008). An fMRI study in participants aged 7–40 years old
reported compatible results: an age-related decrease was
noted in the subjective evaluationsof pain intensity and the
neuro-hemodynamic response in the amygdala and poste-
rior insula when perceiving others being hurt (Decety and
Michalska, 2010).
Only early LPP was detected in children, whereas both
late and early LPP were observed in adults. Early LPP
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as evident at Cz in 4–5 year-olds but at Cz and Pz in
lder children. Being the gateway to conscious recogni-
ion (Luck et al., 2000; Schupp et al., 2006), LPP reﬂects
timulus representation inworkingmemory (Schupp et al.,
006) and facilitates attention to emotional stimuli for
ater processing (Cuthbert et al., 2000; Schupp et al., 2000).
eing sensitive to the manipulation of cognitive appraisals
Foti and Hajcak, 2008; Hajcak and Nieuwenhuis, 2006),
PP may index emotional regulation and reappraisal. The
ppraisal modulation of LPP was associated with parent-
eport measures of emotion regulation in children (Dennis
nd Hajcak, 2009). Stronger LPP amplitudes elicited by the
erceptionof others’ painhavebeenassociatedwithhigher
cores in the perspective taking subscale of interpersonal
eactivity index (Chen et al., 2012). Age-related changes in
PP during adolescence have been proposed to reﬂect the
ognitive aspects of empathy (Mella et al., 2012). Further-
ore, in line with previous studies that showed that LPP to
ffective picture processingmight end earlier during child-
ood (Hajcak and Dennis, 2009; Kujawa et al., 2013), we
ound an absence of a late LPP to others’ pain among young
hildren. While one NIRS study demonstrated that older
ompared to younger children displayed stronger activa-
ion in prefrontal cortex in response to empathy-eliciting
tories (Brink et al., 2011), the present results extend to
how an age-related increase of LPP for pain empathy from
arly to middle childhood.
The present study did not ﬁnd any gender differ-
nce in both the EAC and LPP response to pain empathy.
lthough several studies of young childrenhave foundgen-
er differences (e.g., Knafo et al., 2008; Volbrecht et al.,
007; Zahn-Waxler, 1992), other studies have not (e.g.,
olbrecht et al., 2007). One cross-sectional developmen-
al fMRI study with 4–17 year-old participants did not
nd gender-related differential activation in the regions
ssociated with affective sharing (anterior insula and ante-
ior cingulate cortex) and no interaction between gender
nd age, but female participants scored higher than males
n self-reported dispositional empathy, a difference that
ncreased with age (Michalska et al., 2013). The results of
hat latter study suggest a dissociation between explicit
atings and neurophysiological measures of empathic
rousal.
Unlike adults, children aged 3–9 years old showed mu
uppression sensitive to actionobservation, butnot speciﬁc
o the empathy condition. The age-related decrease of mu
uppression, asevidencedby thesmaller scale inadults (see
ig. 4), is in line with one developmental study (Oberman
t al., 2013). The sensorimotor recruitment, as indicated
y mu suppression, involved during the observation and
xecution of hand actions, emerges early in human infancy
Nystrom, 2008). Previous studies with adults and adoles-
ents demonstrated that the perception of others in Pain
ersus No-pain induces stronger mu suppression (Chen
t al., 2012; Cheng et al., 2008, 2012; Yang et al., 2009).
ere, children showed no differential mu suppression for
ain vs. No-pain, suggesting that the neural mechanisms
nderpinning sensorimotor resonance of pain empathy
ay be immature in childhood. Alternatively, this ﬁnding
ay be attributed to a heightened attentional response
o potential danger with regard to some of the No-painNeuroscience 10 (2014) 160–169 167
stimuli picturing a knife or a scissor close to a hand (see
Fig. 1). It isworthy of note that this result supports the view
that affective sharing is not mediated by sensorimotor res-
onance (Blair, 2011; Cheng et al., 2012; Decety, 2011a,b,
2013; Decety et al., 2013).
There are several limitations that need to be acknowl-
edged. First, many of the participants aged 2–3 years old
were excluded from data analysis because of insufﬁcient
artifact-free trials for the ERP analysis. Three 3-year-olds
included in the correlation analysis do not provide suf-
ﬁcient power and may not be representative of this age.
Second, the averaged number of trials for grand-averaged
ERP increased with age because older children were gen-
erally more cooperative than younger children. This might
confound theage-relatedERP results. Third, theEAC,whose
source localization is located at prefrontal cortex, reﬂects
negative arousal concordant with anticipatory processes
about imminent harm delivered to others (Chen et al.,
2012). It is worth mentioning that the prefrontal cortex is
not functionallymature until early adulthood (Sowell et al.,
1999; Steinberg, 2005). The age-related decrease of EAC
differences to others’ pain during childhood might negate
the anticipatory effect of aversive responses. In addition,
physiological development during childhood and adoles-
cence could partially contribute to the age-related ERP
changes. In this study, these electrophysiological results
could be the ﬁrst step. More neurodevelopmental works
from early childhood to adulthood is warranted to clarify
the complex interrelationships between anticipatory and
emotional processes underlying the neuro-cognitive com-
ponents of empathy, particularly measuring trial-by-trial
valence and arousal.
In conclusion, our study provides the ﬁrst neu-
rophysiological evidence for important developmental
changes in empathic processing in children aged 3–9 years
old. The differencewave of EAC, detected in young children
when they viewed others in physical pain decreased with
age. The difference wave of early LPP increased with age.
These age-related changes may reﬂect a decrease in affec-
tive sharing/arousal and an increase in cognitive appraisal
as empathy develops.
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